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Mutations in presenilin genes impair Notch signalling and, in humans, have been implicated in the development of familial
Alzheimer’s disease. We show here that a reduction of the activity of the Caenorhabditis elegans presenilin sel-12 results
in a late defect during sex muscle development. The morphological abnormalities and functional deficits in the sex muscles
contribute to the egg-laying defects seen in sel-12 hermaphrodites and to the severely reduced mating efficiency of sel-12
males. Both defects can be rescued by expressing sel-12 from the hlh-8 promoter that is active during the development of
the sex muscle-specific M lineage, but not by expressing sel-12 from late muscle-specific promoters. Both weak and strong
sel-12 mutations cause defects in the sex muscles that resemble the defects we found in lin-12 hypomorphic alleles,
suggesting a previously uncharacterised LIN-12 signalling event late in postembryonic mesoderm development. Together
with a previous study indicating a role of lin-12 and sel-12 during the specification of the  cell lineage required for proper
vulva–uterine connection, our data suggest that the failure of sel-12 animals to lay eggs properly is caused by defects in at
least two independent signalling events in different tissues during development. © 2002 Elsevier Science (USA)
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The presenilin genes encode multipass transmembrane
proteins (Doan et al., 1996; Li and Greenwald, 1996, 1998)
that are found in all multicellular organisms. Mutations in
the human presenilin genes (PS1 and PS2) cause aberrant
processing of the amyloid precursor protein APP, resulting
in early-onset familial Alzheimer’s disease (FAD). In addi-
tion, presenilins positively influence lin-12/Notch signal-
ling as has been shown by a number of genetic studies
(Levitan and Greenwald, 1995; Struhl and Adachi, 2000;
Struhl and Greenwald, 1999, 2001; Ye et al., 1999). Prese-
nilins are part of a high-molecular weight complex with
nicastrin/APH-2 that directly or indirectly mediates the
proteolytic release of the C terminus of Notch receptors.
This cleavage is critical for nuclear transport and signaling
of the Notch intracellular domain (Kidd et al., 1998;
Schroeter et al., 1998; Struhl and Adachi, 1998; Struhl et al.,
1993). A similar complex also controls the proteolytic
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178cleavage of APP at the -secretase cleavage site (Yu et al.,
2000).
Targeted deletion of presenilins in different organisms
results in pleiotropic defects. A loss-of-function mutation
in the single Drosophila presenilin gene causes lethal
Notch-like phenotypes, such as maternal neurogenic effects
during embryogenesis, loss of lateral inhibition within
proneural cell clusters, and absence of wing margin forma-
tion (Ye et al., 1999). PS1-deficient mice die soon after birth
from respiratory problems caused by a Notch-like develop-
mental defect (Koizumi et al., 2001; Shen et al., 1997; Wong
et al., 1997), whereas deletion of PS2 causes only mild
phenotypes (Herreman et al., 1999). However, the simulta-
neous deletion of PS1 and PS2 results in an early embryonic
lethality (Herreman et al., 1999) strikingly resembling that
of animals carrying a processing-deficient allele of Notch1
(Huppert et al., 2000) or a deletion of the Notch1 receptor
gene (Conlon et al., 1995; Swiatek et al., 1994).
The Caenorhabditis elegans genome harbours two Notch
genes, glp-1 and lin-12, and three presenilin orthologues,
sel-12, hop-1, and spe-4 (Levitan and Greenwald, 1995;To whom correspondence should be addressed. Fax: 49 (89)
L’Hernault and Arduengo, 1992; Li and Greenwald, 1997).
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spe-4 is a distant member of this family with a sole role
during spermatogenesis. Accordingly, ectopic expression of
spe-4 does not rescue the sel-12 mutant phenotype (S.E.,
unpublished data). However, both sel-12 and hop-1 genes
can substitute for each other and are functionally conserved
with the human presenilins (Baumeister et al., 1997; Levi-
tan et al., 1996; Li and Greenwald, 1997). In sel-12;hop-1
double mutant animals, C. elegans GLP-1 and LIN-12
Notch receptor signalling is almost completely inhibited (Li
and Greenwald, 1997; Westlund et al., 1999). The deletion
of hop-1, analogous to that of the mammalian PS2, does not
reveal an obvious phenotype (Westlund et al., 1999),
whereas mutations in sel-12 alone reduce the activity of
lin-12 and glp-1, resulting in phenotypic effects (Levitan
and Greenwald, 1995). sel-12 mutant animals display neu-
ronal defects (Wittenburg et al., 2000) and a highly pen-
etrant egg-laying defect (Levitan and Greenwald, 1995).
Both defects can be rescued by transgenic expression of
either C. elegans or human PS1 and PS2 (Baumeister et al.,
1997; Levitan et al., 1996; Li and Greenwald, 1997; Witten-
burg et al., 2000). In addition, sel-12 animals also display an
incompletely penetrant, morphologically abnormal, pro-
truding vulva phenotype (Pvl). The cellular nature of this
defect is not known. The penetrance of the Pvl phenotype
differs between sel-12 alleles, but is fully penetrant in
sel-12;hop-1 double mutant animals (Westlund et al., 1999;
S.E. and R.B., unpublished observations).
The ability of C. elegans hermaphrodites to lay eggs is
dependent on the integrity of multiple cell types derived
from various lineages, including epidermal, neuronal, and
muscle cells. Several developmental cell fate decisions
necessary for proper egg laying require LIN-12/Notch sig-
naling. Vulva formation is induced by a signal from the
anchor cell (AC), whose fate is determined by cell–cell
interactions involving LIN-12/Notch activity. A signal
from AC then induces the vulva cell fates in a group of
competent epithelial cells called vulva precursor cells
(VPCs). After induction, VPCs are specified through a
process called lateral inhibition, which again is dependent
on LIN-12 signalling. LIN-12 activity is also required to
generate the sex myoblasts (SM), the precursors of the vulva
and uterine muscles. The vulva muscles, as well as the
neurons that innervate them, are necessary for a proper egg
laying behaviour (Corsi et al., 2000; Trent et al., 1983;
White et al., 1983; M. Stern, personal communication).
Previous studies did not report any obvious morphological
defects in the hermaphrodite-specific neurons (HSN), the
sex-muscles, the vulva precursor cell lineage (VPC), or in
the specification of the AC in sel-12 mutants (Levitan and
Greenwald, 1995). However, AC also induces a group of
uterine cells to form a proper connection between the vulva
and the uterus in a lin-12/Notch-dependent process (Hirsh
et al., 1976; Kimble and Hirsh, 1979; Newman et al., 1995,
1996; Sulston and Horvitz, 1977; Thomas et al., 1990). This
inductive signalling is perturbed in sel-12 null mutants and
weak lin-12 loss-of-function mutants (Cinar et al., 2001).
However, although all sel-12 mutants have a highly pen-
etrant egg-laying defect, the  cell fate specification defect
is only incompletely penetrant, suggesting another role of
sel-12 in egg-laying.
We show here that sel-12 and hop-1 presenilins are
required late in the C. elegans hermaphrodite vulva muscle
development to control their morphology and attachment
to the vulva. Reduction of SEL-12 activity during sex
muscle differentiation impairs egg-laying. Furthermore, we
show that, in sel-12 males, sex muscles are also defective,
resulting in a reduced male mating efficiency. Similar sex
muscle defects were also observed in hypomorphic lin-12
mutant animals. Taken together, these results reveal a
contribution of presenilin mediated Notch signalling not
only in sex myoblast (SM) fate determination, as shown
previously (Greenwald et al., 1983; Harfe et al., 1998a), but
also an as yet uncharacterised role late during sex muscle
development.
MATERIALS AND METHODS
C. elegans Strains and Culture
All strains were maintained and manipulated under standard
conditions as described (Brenner, 1974). Unless otherwise noted,
strains were kept and analysed at 20°C. The following mutants,
and combinations thereof, were used in this work: LGI: unc-
73(e936), hop-1(lg1501) (Wittenburg et al., 2000); LGII: unc-
4(e120); LGIII: lin-12(n676n930), lin-12(oz48) (Sundaram and
Greenwald, 1993); oz48 was kindly provided by Tim Schedl),
unc-32(e189); LGIV: him-8(e1489), fem-1(hc17ts) (Kimble et al.,
1984); LGV: him-5(e1490); LGX: sel-12(ar131), sel-12(ar171) (Levi-
tan and Greenwald, 1995), sel-12(lg1401) (gift from EleGene AG,
Martinsried), sel-12(by125) (this work). All sel-12 and hop-1 strains
were outcrossed between 5 and 10 times with the C. elegans wild
type strain N2 before phenotypic analysis.
NH2447(ayIs2)IV contains an egl-15::gfp fusion (kindly provided
by C. Branda and M. Stern), PD4667(ayIs7)IV contains a hlh-8::gfp
fusion (kindly provided by B. Harfe and A. Fire; Harfe et al., 1998b)
which shows GFP expression during the entire M lineage develop-
ment. The Nde-box::gfp strain, PD4655(ccIs4655)II, is expressed in
all eight vulva muscles and eight uterine muscles (Harfe and Fire,
1998) and was provided by B. Harfe and A. Fire. Strain PD4251
carries an integrated array, ccIs4251, which expresses GFP under
the myo-3 promoter in body wall muscle cells (Fire et al., 1998).
To generate sel-12;hop-1 double mutant animals, two strains
were constructed: Both hop-1(lg1501)/unc-73(e936); sel-12(ar171);
ayIs2 and hop-1(lg1501); sel-12(ar171) unc-1(e538)/; ayIs2 strains
were maintained by picking non-Unc hermaphrodites that segre-
gated Unc progeny.
Isolation of Additional sel-12 Alleles
To screen for mutations that fail to complement the Egl defect of
sel-12(ar171) mutant hermaphrodites, sel-12(ar171) unc-1(e538)/
dpy-3(m39) hermaphrodites were mutagenised with 50 mM EMS
and their Non-Dpy Non-Unc F1 progeny were scored for the
appearance of an Egl phenotype. After screening 12,000 haploid
genomes, 2 novel sel-12 alleles, by125 and by152, were identified.
To further characterise its phenotype, sel-12(by125) was out-
crossed 7 times and unlinked from dpy-3.
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Plasmid Constructs and Injections
To express sel-12 in differentiated muscle cells, we constructed
transcriptional fusions of the sel-12 cDNA with the myo-3 and
unc-54 promoters. The sel-12 cDNA was amplified from a mixed
stage cDNA library (kindly provided by Bob Barstead) by PCR using
primers RB541 (5-gaggtacccgggcaaaaaatgccttccacaaggagacaacagg-3)
and RB542 (5-gtgaattcgcggccgcttaatataataaacacttttgagagacttgtg-3)
and subcloned into pBlueScriptIIKS (Stratagene) as a KpnI/NotI
fragment leading to pBY453. The sel-12 cDNA sequence was
confirmed by sequencing (GenBank Accession No. AF171064).
Subsequently, a sel-12 KpnI/SacI fragment was subcloned into
pPD96.52 to generate pBY897 (myo-3::sel-12) and into pPD30.38 to
create pBY896 (unc-54::sel-12). Each plasmid was injected at 20
ng/l together with 20 ng/l pBY218 (ttx-3::gfp fusion (Hobert et
al., 1997), as a cotransformation marker.
To rescue the sex muscle defects of sel-12 animals, the sel-12
cDNA was fused to the hlh-8 promoter at the ATG translation start
of hlh-8. The sel-12 cDNA was amplified by using the PCR primers
RB1098 (5-atatgattttcacagatgccttccacaaggagacaa-3) and RB1099
(5-tctccttgtggaaggcatctgtgaaaatcatatttgaaatcg-3) and was cloned
into pBH47.70 (gift of B. Harfe and A. Fire; Corsi et al., 2000; Harfe
et al., 1998b) to replace GFP. The resulting vector pBY1224
expresses sel-12 from the 1791-bp hlh-8 promoter and was injected
at a concentration of 20 ng/l. To exclude any influence of the
cotransformation marker on the Egl rescue, pBY1224 was injected
with either pBY218 (ttx-3::gfp fusion; Hobert et al., 1997) at 20
ng/l, or with the dominant phenotypic marker rol-6 (pRF4; Mello
et al., 1991) at 100 ng/l. For  cell expression of sel-12, the
plasmid cHCN2 (cog-2::sel-12) (Cinar et al., 2001) was injected at
80 ng/l together with pRF4 (rol-6) at 100 ng/l as coinjection
marker.
Drug Tests
The egg-laying behaviour in response to 5 mg/ml serotonin
(Sigma), 0.75 mg/ml imipramine (Sigma), and/or 1 mg/ml chlor-
promazine (Sigma) was scored in M9 according to previously
published procedures (Trent et al., 1983; Weinshenker et al., 1995).
Tests were conducted with synchronised adult hermaphrodites
that contained on average 15 eggs in their uterus. Only those
animals that did not show a Pvl phenotype were analysed in the
drug tests (see Results).
Phenotypic Analysis
To analyse their brood size, hermaphrodites were picked as L2 or
L3 larvae onto single plates. After they reached adulthood, animals
were transferred to new plates daily until death, and the progeny
were counted the following day. To quantify the Pvl phenotype,
worms were singled as L2 and L3 and scored as young adults. To
assess their muscle morphology, worms carrying the various GFP
constructs were synchronised and analysed at different develop-
mental stages by using a Zeiss Axioskop microscope. The appear-
ance of a thick tissue separating the vulval and uterine lumen
indicative of a  cell specification defect was scored in worms in
mid-L4 as described (Cinar et al., 2001).
Male Mating Test
Male mating efficiency tests were performed at 25°C according
to Hodgkin (1980). Five young adult males were placed on 3.5-cm
NGM plates with five fem-1(hc17ts); unc-4(e120) virgins. After
12 h, the males were removed from the plates and the hermaphro-
dites were transferred to new plates daily. As fem-1(hc17ts) mu-
tants are unable to produce sperm at 25°C, all progeny on the plates
must be cross progeny. To generate sufficient numbers of males for
mating tests, we constructed double mutants of each sel-12 allele
with both him-5(e1490) and him-8(e1489). Two different him
genes were used to exclude any synthetic interaction between the
him mutation and sel-12. The mating tests gave comparable results
in both him genetic backgrounds.
Male Tail Curling Tests
Male tail curling tests were performed as described (Loer and
Kenyon, 1993). Adult males were placed in M9 medium containing
20 mM serotonin, and their ability to curl their tails was scored
after 10 min for a period of 10 s for each animal.
RESULTS
Molecular Characterisation of sel-12 Mutants
Although both sel-12(ar131) and sel-12(ar171) alleles
display a highly penetrant Egl defect, the exact phenotype
differs. To determine the degree of variability, we compared
the phenotypes of both alleles with those of two new sel-12
alleles, by125 and lg1401. sel-12(by125) contains a muta-
tion in the eighth codon, changing a CAG into TAG, which
converts a glutamine into a stop codon (Fig. 1). sel-
12(by1401) harbours a 1028-bp deletion that extends from
nucleotide 4766 to 5793 of cosmid F35H12, deleting 244 bp
of promoter sequences, the ATG and the first three exons of
sel-12 that encode transmembrane domains 1 and 2. On a
Northern blot, no sel-12 mRNA was detectable from the
sel-12(lg1401) allele, indicating that it is a null allele. The
sel-12 mRNA level from allele sel-12(ar171) was strongly
reduced, whereas sel-12(by125) and sel-12(ar131) had
mRNA levels comparable with wild type (data not shown).
All sel-12 alleles tested display a similar egg-laying defect
(Egl phenotype) to that described previously for sel-
12(ar131) and sel-12(ar171) (Levitan and Greenwald, 1995)
(Table 1). The presumptive null alleles sel-12(ar171) and
sel-12(lg1401) almost never lay eggs, whereas sel-12(by125)
animals occasionally lay a few eggs before retaining eggs as
older adults. Most animals die of a bag-of-worms phenotype
because the young larvae that hatch intrauterinely kill their
mothers. On the other hand, many sel-12(ar131) animals
lay a considerable number of eggs and not all animals
become Egl. We conclude that the sel-12 alleles ar171,
lg1401, and by125 have a comparably penetrant Egl defect,
whereas sel-12(ar131) mutants are somewhat different and
show a weaker Egl phenotype (Table 1).
sel-12 mutant animals also display an easily visible
protruding vulva (Pvl) phenotype (Fig. 1) with a variable
penetrance. The Pvl defect was observed in 80% of sel-
12(ar171), 62% of sel-12(lg1401), and 60% of sel-12(by125)
animals (Table 1). However, only 13% of the sel-12(ar131)
adults became Pvl, suggesting that there is no strong
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correlation between the penetrance of the Pvl and Egl
phenotypes.
It had been suggested previously that the egg-laying
defect of sel-12 mutant animals is caused by a misspecifi-
cation of the  cell lineage that results in a failure of the
vulva to connect to the uterine tissues (Cinar et al., 2001).
Indeed, we noticed that 79% of sel-12(ar171), 73% of
sel-12(lg1401), and 66% of sel-12(by125) animals displayed
the thick tissue separating the uterus and vulva that is
typical for animals with the  cell defect (Table 1). How-
ever, only in a minority of sel-12(ar131) animals is the utse
cell (uterine seam cell) thick, even though 88% of these
animals developed an Egl phenotype (Table 1).
We concluded that a sterical blockage of the vulva open-
ing as a consequence of a  cell misspecification is unlikely
to be the only cause of the highly penetrant Egl defect seen
in sel-12(ar131) hermaphrodites (see Table 1). This inter-
pretation is also supported by the observation that most of
the sel-12(ar131) hermaphrodites lay some eggs as young
adults before they become Egl. In addition, since all sel-12
strains tested so far can be mated, we conclude that, in all
alleles, the vulva is open in at least some animals, allowing
sperm entry. We also note that the penetrance of the  cell
defect corresponds rather well to the penetrance of the Pvl
defect. The penetrance of Pvl and egg-laying defects were
also reflected in the brood size of the various alleles. All
FIG. 1. (A) The SEL-12 topology as proposed (Doan et al., 1996; Li and Greenwald, 1996, 1998). Positions of the mutations used here are
indicated. The arrow marks the cleavage site of SEL-12 (Okochi et al., 2000). sel-12(lg1401) is a 1.0-kb deletion of part of the promoter and
the first three exons of sel-12. (B) Protruding vulva phenotype (Pvl) of a sel-12(ar171) mutant adult hermaphrodite.
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alleles that display a high percentage of Pvl have strongly
reduced brood size. However, sel-12(ar131) animals pro-
duce, on average, a significantly higher number of progeny,
and some animals even reach brood sizes in the range of the
wild type (200 progeny and more).
sel-12 Egg-Laying Does Not Respond
to Neurotransmitter Stimulation
Since most of the sel-12(ar131) animals lack obvious
morphological abnormalities, we reasoned that the highly
penetrant egg-laying defect of this allele cannot be ex-
plained by the Pvl or the  lineage defect. The egg-laying
behaviour of C. elegans requires the intact anatomy and
function of the uterus, the vulva, and their respective
muscles, as well as neuronal input from the two HSN
neurons and the six VC motor neurons (Corsi et al., 2000; Li
and Chalfie, 1990). The generation of the anchor cell (AC)
(Kimble, 1981; Sulston and White, 1980; Thomas et al.,
1990; Trent et al., 1983) that is critical for the induction of
the vulva development is not affected in sel-12 animals
(Levitan and Greenwald, 1995) and there is no obvious
defect in the epidermal portion of the vulva (Levitan and
Greenwald, 1998). Since we have previously shown that
neural function is affected in sel-12 mutant animals (Wit-
tenburg et al., 2000), we reasoned that defective neuronal
input into the sex muscles could be the cause of the Egl
phenotype.
Neuronal signalling to the vulva muscles can be mim-
icked by a variety of drugs that stimulate the contraction of
the vulva muscles, and therefore, egg-laying (Trent et al.,
1983; Weinshenker et al., 1995). We exposed sel-12 mutant
animals to the serotonin reuptake inhibitor imipramine, to
the dopamine antagonist chlorpromazine, to serotonin
(Table 2), and to the acetylcholine agonist levamisole (data
not shown). Since we expected that the physical blockage of
the vulva opening in Pvl animals would effectively prevent
stimulation of egg-laying under any conditions, we only
tested non-Pvl animals in our pharmacological assays.
None of the sel-12 alleles that we tested responded to any of
the drugs. Since exogenous addition of serotonin, a strong,
direct stimulator of the egg-laying muscles that is effective
even if the innervating motorneurons HSN are absent
(Trent et al., 1983; Weinshenker et al., 1995), could not
induce egg-laying, our results suggest that sel-12 mutants
have a postsynaptic defect in the muscular structures of the
vulva, or behave like muscle activation mutants (Mac)
(Reiner et al., 1995; Trent et al., 1983).
sel-12 Mutant Animals Display Defects
in Their Sex Muscles
Two types of muscles control the expulsion of fertilised
eggs in the C. elegans hermaphrodite: the uterine muscles
(um1 and um2) and the vulva muscles (vm1 and vm2) (Corsi
et al., 2000; Sulston and Horvitz, 1977). Both types of sex
muscles are derived from the sex myoblast (SM) cells in
wild type. In the wild type, the SMs migrate during the
second larval stage (L2) from their place of birth in the tail
towards the midbody region, where the epidermal struc-
tures of the vulva are formed. At their final position near
the vulva, they divide three times to generate the eight
uterine and eight vulva muscles (Fig. 2). However, in lin-12
null mutants, a cell fate transformation from SM to CC
(coelomocytes) prevents the generation of all sex muscles.
In order to examine the generation of the SM lineage and
the morphological integrity of the sex muscles in sel-12
mutants, we visualised cells in the SM lineage using differ-
TABLE 2
Pharmacological Egg-Laying Response of Wild Type
and sel-12 Mutant Animals
Eggs layed per time interval
in response to:
Animals
testedSerotonin Imipramine Chlorpromazine
N2 6.1 0.9 11.8 1.1 7.8 2.0 30
sel-12(ar171) 0.5 0.3 0.9 0.3 0.2 0.0 30a
sel-12(ar131) 1.5 0.3 1.8 0.3 3.4 0.7 30a
Note. The egg laying response (SEM) of wild type and sel-12
mutant animals to 5 mg/ml serotonin, 1.0 mg/ml chlorpromazine
(time intervals  60 min), and 0.75 mg/ml imipramine (time
interval  90 min) was tested in liquid M9 medium as described
(Trent et al., 1983; Weinshenker et al., 1995).
a Only sel-12 mutant animals without a Pvl were tested (see
Material and Methods).
TABLE 1
Phenotypic Characterization of the Egg-Laying
of Different sel-12 Alleles
Allele
Phenotypea
Progeny
 SEM n
Thick tissue§
(%)
Pvl
(%)
Egl
(%)
Bagged
(%)
N2 0 (0/40) 0 0 0 316  8 20
sel-12(ar171) 79 (33/42) 80 100 100 62  5 25
sel-12(lg1401) 73 (44/60) 62 100 100 81  6 29
sel-12(by125) 66 (42/64) 60 100 95 94  6 57
sel-12(ar131) 20 (22/108) 13 88 83 100  7 40
Note. n, number of animals characterised; SEM, standard error of
the mean.
a Pvl, protruding vulva; Egl, egg-laying defective; bagged, death
due to internal hatching. sel-12 molecular lesions are as follows:
(ar171) W227stop; (lg1401) 1.0-kb deletion of part of the promoter
and the first three exons of sel-12; (by125) Q8stop; and (ar131)
C60S.
b Thick tissue describes the defects in utse specification scored
in mid L4, where a thick tissue rather than a thin laminar process
separates the uterus and the vulva (Cinar et al., 2001).
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ent GFP reporter constructs. The hlh-8::gfp marker is active
in all cells derived from the M lineage (Harfe et al., 1998b).
To examine whether a transformation of SM into CC fate
occurs in sel-12 mutants, we counted the number of GFP-
positive cells at different stages of larval development in
sel-12 animals expressing hlh-8::gfp. In all sel-12 alleles
tested, we found 2 SMs that, after migration and divisions,
gave rise to 16 hlh-8::gfp-positive cells (data not shown).
From this, we conclude that sel-12 null mutants, unlike
lin-12 null mutants, do not affect the SM/CC decision.
However, the sex muscle cells displayed structural abnor-
malities that we further examined using other markers. To
visualise the vulva muscles, we used an integrated GFP
construct (ayIs2) expressed specifically in the vm1 muscles
under the control of the egl-15 promoter (Harfe et al.,
1998a). In a wild type background, more than 99% of the
GFP-expressing vm1 cells in adult animals are symmetri-
cally aligned around the vulva and show the typical
X-shaped structure reported earlier (Harfe et al., 1998a) (Fig.
3A). In sel-12(ar171) mutants, the migration of the SMs is
only weakly affected. About 90% (n  30) of the animals
examined had the vm1 muscles positioned in the correct
body region, and in only 10% of the animals, a SM descen-
dant was positioned incorrectly in the posterior body re-
gion. These mismigrated vulva muscle cells still differenti-
ated and acquired their vulva muscle-specific shape (see,
e.g., Fig. 3M). Although the majority of vm1 cells were
found at the correct place, 25 of 30 sel-12(ar171) non-Pvl
animals had visible defects in both their morphology and
their attachment to the vulva opening (Figs. 3B–3D). The
majority (89%) of animals with the weaker sel-12(ar131)
allele also displayed vulva muscle defects. From these data,
we conclude that sel-12 is required for the correct morpho-
genesis of the sex muscles vm1.
In order to test whether sel-12 mutations also affect the
morphogenesis of vm2 muscles, we used an integrated
array, ccIs4656, which contains the NdE-box::gfp gene
(Harfe et al., 1998a; Harfe and Fire, 1998). The Nde-box is
derived from the ceh-24 promoter, and in L4, this construct
drives expression late in the development of all vulva
muscles and the uterine muscles (Harfe and Fire, 1998). It is
therefore considered to be a marker for differentiated sex
muscles (Liu and Fire, 2000). The GFP-positive vm2
muscles in all sel-12 alleles tested displayed morphological
defects similar to those seen in the vm1 muscles (Figs. 3K
and 3M). However, the expression levels of the egl-15::gfp
and Nde-box::gfp markers were comparable with wild type,
suggesting that the sex muscles are specified correctly and
have differentiated into muscle cells. Their adoption of the
correct cell fate is also indicated by their expression of
myo-3:gfp (ccIs4251), a marker for terminally differentiated
muscle cells.
In summary, mutations in sel-12 affect the morphology
and attachment of the sex muscles. However, the expres-
sion of at least three late markers suggests that parts of their
terminal differentiation program that identifies them as sex
muscle cells are executed correctly.
Expression of sel-12 in the M Lineage Potently
Rescues the Egl Defect
Since sel-12 is expressed in most, if not all, cells of the
animals, the sex muscle defects seen in sel-12 mutant
animals could be caused by loss of sel-12 activity in the
differentiating muscle itself, in its precursor during its
development, or in adjacent cells that provide signals for
muscle orientation or attachment. To distinguish between
these different possibilities, we tried to rescue the sex
muscle defects of sel-12 mutant animals by expressing the
sel-12 cDNA from different promoters. From previous ex-
periments, we knew that the sel-12 cDNA expressed from
its own promoter is able to rescue all defects present in
sel-12 mutant animals (Baumeister et al., 1997; Levitan et
al., 1996; Wittenburg et al., 2000). Since the vulva muscles
in sel-12 mutants expressed a number of muscle-specific
markers, we suspected that sel-12 is required late in sex
muscle development. Therefore, we first tested whether
sel-12 expression from the well-characterised muscle-
specific myosin promoters unc-54 and myo-3 (Miller et al.,
1983) is sufficient to rescue the muscle defect. unc-54 and
myo-3 are expressed in all body wall muscles as well as in
FIG. 2. Postembryonic mesodermal M lineage in C. elegans
(lineage was redrawn from Harfe et al., 1998a; Sulston and Horvitz,
1977). The M lineage gives rise to different cell types: BWM (body
wall muscles), CC (coelomocytes), SM (sex myoblasts), UM (uter-
ine muscles), and VM (vulva muscles). The M mesoblast is born
shortly before hatching, and its descendants divide until the L4
stage. The expression patterns of hlh-8 (Corsi et al., 2000; Harfe et
al., 1998b), egl-15 (Harfe et al., 1998a), and lin-12 (Wilkinson and
Greenwald, 1995) within the M-lineage are shown. *, lin-12 expres-
sion has only been followed until the birth of SM. There are no
published expression data for the SM lineage in L3 and L4.
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the vulva muscles (Miller et al., 1983). We generated five
independent transgenic lines for unc-54::sel-12 and for
myo-3::sel-12, respectively, but did not detect any rescuing
activity in transgenic animals (between 21 and 63 trans-
genic animals analysed per line, 386 animals total). The
functionality of these well characterised promoters had
been tested before using GFP. Since the fluorescence levels
of unc-54::gfp and myo-3::gfp transgenes containing the
corresponding promoter elements are comparable or even
stronger than that of sel-12::gfp (data not shown), we
consider it unlikely that insufficient expression levels of
sel-12 are responsible for the lack of rescue.
In C. elegans, both unc-54 and myo-3 are expressed at a
rather late stage in sex muscle differentiation, starting at
the L4 stage (Liu and Fire, 2000). It is therefore possible that
sel-12 activity is needed at an earlier step during the
differentiation of the sex muscles. To test this hypothesis,
we expressed the sel-12 cDNA under the control of the
hlh-8 promoter. This promoter is specific for the M lineage
from which all postembryonic mesoderm is derived (Sul-
ston and Horvitz, 1977). The hlh-8 promoter is active at the
time the M mesoblast is born and remains active until the
vulval and uterine muscles are specified (Fig. 2). Its activity
is lost only when cells have differentiated into body wall or
sex muscles (Harfe et al., 1998b). Expression of the sel-12
cDNA from the hlh-8 promoter rescued the Egl defect of
85% of the weaker sel-12(ar131) animals, whereas it was
sufficient to rescue the Egl defect in 20% of the sel-
12(ar171) animals (Table 3). However, in no case was the
morphological defect leading to the Pvl phenotype rescued
by transgenic hlh-8::sel-12 expression (Table 3).
We suggest that the egg-laying defect in the majority of
sel-12(ar131) animals and a smaller portion of the sel-
FIG. 3. Vulva muscle defects in presenilin and lin-12/Notch
mutants visualised by egl-15::gfp (A–H) and NdE-box::gfp (I, K, M).
(A) Wild-type (N2) hermaphrodite: ventral view of egl-15::gfp
expression in the four vm1 vulva muscles. The vulva muscles are
attached to the vulva epithelium in an X-shaped arrangement.
(B–D) sel-12(ar171) animals (ventral view) exhibit disorganised and
malformed vm1 vulva muscles. Similar sex muscle defects are also
seen for the other sel-12 alleles tested (data not shown). (E, F)
lin-12(n676n930) mutant hermaphrodites grown at 23°C show the
same kind of vulva muscle defects as sel-12 mutant animals. The
lin-12(n676n930) strain also contained a linked unc-32(e189) mu-
tation which did not influence vulva muscle morphology. (G, H)
hop-1(lg1501); sel-12(ar171) animals. Shown here are the sex
muscle defects in two of the rare animals that did not display a
significant Pvl. (I) Wild-type hermaphrodite, ventral view, trans-
genic for the Nde-box::gfp that is expressed in both vm1 and vm2
(compare with A). (K) sel-12(ar171) animal with multiple vm1 and
vm2 attachment defects. (L,M) Migration defect of sex muscles in
the tail of a sel-12(ar171) animal. Left side, Nomarski image. Wild
type and sel-12 mutant animals were raised at 20°C, whereas
lin-12(n676n930) mutant animals were raised at 23°C. Each scale
bar represents 10 m.
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12(ar171) animals is caused solely by a lack of sel-12
expression during muscle differentiation. This phenotype
can be rescued by expression of sel-12 from the hlh-8
promoter. The Egl rescue is very strong, since rescued
animals not only display wild type egg-laying behaviour,
but also have greatly increased brood sizes (241  9) in the
range of wild type (see Table 3). In addition, none of the
transgenic sel-12(ar171) animals that we scored as rescued
died of a bag-of-worms phenotype as compared with 100%
of their nontransgenic siblings. However, those animals
that cannot be rescued by hlh-8 promoter driven sel-12
expression had a pronounced Pvl phenotype. Only animals
that did not have a steric blockage due to a  cell defect, and
therefore do not develop a Pvl phenotype, could be rescued
using this transgene. In summary, we conclude that, in
addition to the defective vulva–uterine connection de-
scribed for the strong sel-12(ty11) and sel-12(ar171) alleles
(Cinar et al., 2001), reduction of sel-12 activity also causes
a developmental defect in the sex muscles that is highly
penetrant in all sel-12 mutants, including the weaker sel-
12(ar131) allele.
Since expression of sel-12 from the hlh-8 promoter did
not rescue egg-laying in Pvl animals, we suspected that the
protruding vulva is not the consequence of a defect occur-
ring in the sex muscles. We wanted to investigate whether
the  cell induction defect in the late L3 of sel-12 mutant
animals (Cinar et al., 2001) is the cause of the later Pvl
phenotype. Therefore, we scored the Pvl phenotype in two
sel-12(ar171) lines transgenic for cog-2::sel-12 (gift of A.
Newman, Houston), a construct previously shown to rescue
the  cell specification defect (Cinar et al., 2001). This
construct strongly rescued the Pvl defects, as only 3 and 5%
(n  100) of transgenic sel-12(ar171) animals became Pvl
compared with 80% of the nontransgenic control animals.
To confirm this link between  cell defect and appearance
of a Pvl, we scored how many of the sel-12(by125) animals
that showed the presence of a thick tissue separating the
vulval and uterine lumen at the L4 stage later developed a
protruding vulva (Pvl). All animals (n  18) with a Pvl
defect also displayed a thick tissue. Furthermore, those
animals (n  15) that showed a thin utse cell (no  cell
specification defect) never developed a Pvl.
We conclude that defective specification of the uterine 
cells in L3 can lead to a Pvl phenotype in adult animals.
This steric blockage of the vulva opening, in combination
with defective sex-muscles, is sufficient to cause the highly
penetrant egg-laying defect seen in sel-12 animals.
lin-12(n676n930) and sel-12 Mutants Display
Similar Vulva Muscle Defects
sel-12 mutants reduce, but do not eliminate, lin-12 sig-
nalling and, therefore, sel-12 animals have no obvious
defects in AC/VU decision and in VPC specification (Levi-
tan and Greenwald, 1995). Instead, sel-12 mutants have a
defect in the differentiation of the sex muscles, as shown
here, and an additional defect associated with the fate
specification of the  cells that control the uterus–vulva
connection (Cinar et al., 2001; Wen et al., 2000). lin-12 is
also expressed in cells of the M lineage (Wilkinson and
Greenwald, 1995), and in lin-12 null mutants, the SM
descendants of M are transformed to coelomocytes. As a
consequence, no sex muscles are formed (Greenwald et al.,
1983). In contrast, animals with the weaker loss-of-function
allele lin-12(n676n930) were shown to contain sex muscles
that were positioned correctly. lin-12(n676n930) animals
show wild type egg-laying at 15°C but become egg-laying
defective when these are shifted to 25°C before their
temperature-sensitive period (L3/L4) (Sundaram and Green-
wald, 1993). A cause for this “late defect” could not be
found (Sundaram and Greenwald, 1993). To see whether a
lin-12 loss-of-function mutant displays a similar sex muscle
patterning defect to sel-12 mutants, we examined the
morphology of sex muscles in lin-12(n676n930) at different
temperatures using the ayIs2 (egl-15::gfp) marker. Ninety-
one percent of lin-12(n676n930) unc-32(e189) animals
raised at 25°C, but only 3% of the unc-32(e189) animals
raised at 25°C showed morphological abnormalities in the
vm1 muscles (Figs. 3E and 3F). Like in the sel-12 mutant
animals, we detected defects in the attachment of the vm1
muscles to the vulval epidermis, aberrant orientation with
respect to the vulva, and structural abnormalities. Similar
defects were also detected in a second hypomorphic lin-12
allele, lin-12(oz48) (data not shown). Like in sel-12 animals,
the differentiation of vm1 muscles does not seem to be
affected in lin-12(n676n930) mutants, since the late sex
muscle marker Nde-Box::gfp is expressed correctly (data not
shown). When raised at the permissive temperature of 15°C,
only 5% of the lin-12(n676n930) unc-32(e189) hermaphro-
dites exhibited abnormal vm1 muscles. The fact that lin-
TABLE 3
Expression of the sel-12 cDNA in the M Lineage Can Rescue
the Egg-Laying Defect of sel-12 Mutant Animals
Genotype
Phenotype
Progeny:
Mean
 SEM n
Pvl
(%)
Egl
(%)
Bagged
(%)
N2 0 0 0 316  8 20
sel-12(ar131) 13 88 83 100  7 40
sel-12(ar131); byEx166a 9 16 16 240  14 32
sel-12(ar131); byEx167a 9 16 13 271  8 32
sel-12(ar171) 80 100 100 62  5 25
sel-12(ar171); byEx166a 77 80 77 241  9b 128
sel-12(ar171); byEx167a 78 82 81 212  11b 129
Note. n, The number of animals counted.
a byEx166 and byEx167 are extrachromosomal arrays containing
the hlh-8::sel-12 rescue construct and the ttx-3::gfp as coinjections
marker.
b Note that these numbers contain only the non-Pvl animals. As
shown in the text, the Pvl phenotype precludes rescue by
hlh-8::sel-12.
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12(n676n930) animals show the same range of vulva
muscle defects as sel-12 mutant animals suggests that
sel-12 functions by affecting the lin-12 activity late during
sex muscle development. This activity is different from the
previously documented requirement of lin-12 during speci-
fication of the SM fate (Greenwald et al., 1983; Harfe et al.,
1998a). The SM/CC decision is executed correctly in both
sel-12 and lin-12 hypomorphic strains since they develop
sex muscles. This suggests a new mode of sel-12 mediated
lin-12 signalling late in development, possibly to control
cell morphology and attachment.
The Sex Muscle Defect Is Most Severe
in the Absence of Presenilin Activity
sel-12 is functionally redundant with hop-1, another
presenilin gene (Li and Greenwald, 1997; Westlund et al.,
1999). To test whether the activity of hop-1 could be
responsible for providing sufficient lin-12 signalling activ-
ity in sel-12 mutants to prevent an SM-to-CC cell fate
transformation as seen in lin-12 null mutants, we examined
hop-1;sel-12 double mutants. Since sel-12;hop-1 double
mutant animals lacking presenilin activity both maternally
and zygotically have an embryonic lethal phenotype, we
tested maternally rescued animals in which maternal con-
tribution of either sel-12 gene products (from sel-12/;
hop-1 mothers) or hop-1 gene products (from sel-12;hop-1/
mothers) allows the homozygous progeny to survive.
Surprisingly, 89% (91/102) of the sel-12;hop-1 double
mutant animals develop vulva muscle cells that express the
egl-15::gfp marker, regardless of whether the maternally
provided presenilin is sel-12 or hop-1. The GFP-positive
cells of the SM lineage migrate to their correct position at
the vulva, although their terminal position and structure
were highly aberrant in all GFP-positive animals (n  91)
(Figs. 3G and 3H). This indicates that the SM/CC decision,
which occurs in the L2, is not affected in these animals, and
that maternal sel-12 or hop-1 is sufficient to provide enough
presenilin activity in the double mutant progeny to facili-
tate LIN-12 signalling at least until L2 (see Fig. 2).
Male-Specific sel-12 Defects in Fan and Sex Muscles
Result in Aberrant Male Mating Behaviour
Male mating behaviour requires the functional integrity
of several male-specific tissues, including neurons and sex
muscles. We found that, in sel-12 males, the efficiency of
mating is strongly impaired, as scored by their ability to
fertilise a defined number of sperm-deficient fem-1(hc17ts)
mutant virgins during a 12-h period (Table 4). Similar to the
egg-laying behaviour, the male mating efficiency of sel-
12(ar171) mutants was lower than that of sel-12(ar131)
mutants.
One possible cause of the reduced male mating efficiency
could be morphological defects in the male tail structures.
We therefore inspected the male tails by differential inter-
ference contrast (DIC) microscopy. A significant portion of
sel-12(ar171) animals displayed defects in the structural
components of the tail. In 31% of the animals, the fan was
strongly affected, being either reduced in size or completely
absent (Fig. 4), a phenotype that had also been reported for
lin-12(0) mutant males (Horvitz et al., 1983). A portion of
sel-12 animals also displayed a notched fan phenotype not
described before (as shown in Figs. 4C and 4D). In addition
to the malformation in the fan structures in some sel-12
mutant males, we also noted animals that had a variably
abnormal tail tip containing extra tissue (Figs. 4B and 4D).
As a consequence, the male tail appears enlarged and flat. In
males in which the fan was visible, the number and
position of the tail rays were not obviously affected (com-
pare Fig. 4).
Since the morphological defects in the tail structures of
sel-12 males would most likely be sufficient to strongly
impair mating success, we tried to directly assess the
functionality of the sex muscles in sel-12 males. A male-
specific behaviour that is dependent on functional sex
muscles is the ability of wild type males to curl their tail in
response to 20 mM serotonin (Loer and Kenyon, 1993). We
found that only 29% of the sel-12(ar171) males responded
to serotonin compared with 90% of the control males tested
(Table 4). This tail curling defect could be rescued by
TABLE 4
The Male Tail Curling and Mating Efficiencies of sel-12 Mutants Are Reduced
Genotype
Male mating
efficiencya (%)
Cross progeny
Mean  SEM
Plates scored
(n)
Male tail curling
efficiency (%)
Animals tested
(n)
sel-12 () 100 185  33 12 90 48
sel-12(ar131) 18 34  11 12 nd nd
sel-12(ar171) 7 12  7 6 29 72
sel-12(ar171); byEx166b 33 60  26 5 80 96
sel-12(ar171); byEx167b 27 49  22 6 90 72
Note. All strains contain him-5(e1490). Similar results were obtained with sel-12;him-8(e1489) double mutants. See Materials and
Methods for the detailed experimental setup. nd, not determined.
a Determined in the presence of 20 mM serotonin.
b byEx166 and byEx167 are extrachromosomal arrays containing the hlh-8::sel-12 rescue construct and the ttx-3::gfp as coinjection
marker.
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expressing sel-12 specifically in the male sex muscles under
the control of the hlh-8 promoter. In 80% (90%) of the
sel-12 males transgenic for hlh-8::sel-12, male tail curling
was indistinguishable from him-5 animals, suggesting a
robust rescue of the defect (Table 4). To confirm these
results, we also tested the execution of yet another critical
step during the male mating behaviour that has also been
shown to require the function of the male sex muscles: the
turning step (Loer and Kenyon, 1993). The quality of the
male turning can be classified as either a good turn, a sloppy
turn, or a missed turn. A good turn occurs when the male
tail remains in contact with the hermaphrodite throughout
the turn. A turn is considered sloppy if the male tail briefly
looses contact but then makes contact again on the oppo-
site side of the hermaphrodite. Missed turns occur if the
male tail looses and does not regain contact with the
hermaphroditic cuticle. By these criteria, the sel-12 males
showed a significant increase in the number of missed and
sloppy turns for all sel-12 alleles tested (Fig. 5). Again, this
defect in the male turning behaviour could be rescued by
the hlh-8::sel-12 construct (Fig. 5), indicating that sel-12
activity is also needed in the male-specific M-lineage.
FIG. 4. Nomarski photomicrographs showing the morphological defects in the tails of sel-12 mutant males. (A) Wild type-like adult male
tail of him-5(e1490) mutant animals (ventral view). (B–D) sel-12(ar171);him-5(e1490) adult male tails exhibiting defects in the fan and tail
structures (side views). Arrows, Notched fan structures. Arrowheads, epithelial protrusions never seen in wild type animals. The scale bar
represents 20 m.
FIG. 5. The male turning ability is reduced in sel-12 mutant
males and can be rescued by expression of the sel-12 cDNA in the
male-specific M-lineage. The y-axis indicates the percentage of
turns we characterised as good (light grey), sloppy (dark grey), and
missed (white) according to the standards of Loer and Kenyon
(1993) (see Material and Methods). byEx166 and byEx167 are
extrachromosomal arrays containing the hlh-8::sel-12 rescuing
construct as well as the ttx-3::gfp coinjection marker. All males
used in this analysis also contain him-5(e1490).
187The C. elegans Presenilin sel-12
© 2002 Elsevier Science (USA). All rights reserved.
However, the overall efficiency of mating by sel-12 mutant
males was only slightly improved by the hlh-8::sel-12
construct (Table 4), suggesting that additional defects are
still present. Consistent with this, only the sex muscle-
specific defect could be rescued by the hlh-8::sel-12 con-
struct and not the aberrant tail structures (data not shown).
We conclude that the defects in the sex muscles can be
clearly separated from the morphological defects in the tail
structures in sel-12 males. This resembles the situation
found in sel-12 hermaphrodites, where the egg laying is
caused by independent defects in both the  cell specifica-
tion and in the sex muscles.
DISCUSSION
Different Defects Contribute to the sel-12
Egg-Laying Phenotype
We characterised the developmental defect resulting in
the failure of both hypomorphic and null alleles of sel-12 to
lay eggs. Cinar et al. (2001) have shown recently that 77%
of sel-12 null mutants display a defect in the lin-12-
dependent inductive signalling from the AC to the  cell
lineage. This signalling is necessary to generate a proper
connection between the vulva and uterus (Newman et al.,
1995). By expressing sel-12 in the  cell precursors, the Egl
defect of sel-12(0) animals could be partially rescued. Our
results suggest that a cell specification defect in the 
lineage is not the only cause of the Egl phenotype in sel-12
animals. First, both weak and strong sel-12 allelic animals
display morphological and functional defects in their sex
muscles. The absence of functional sex muscles has been
shown to be sufficient to cause a completely penetrant Egl
defect (Corsi et al., 2000). Second, between 21 and 34% of
the sel-12(0) animals have the thin process of the utse
typical of a correct  cell specification. These animals are
not Pvl, but display a fully penetrant Egl phenotype. Third,
although only a minority (20%) of the weaker sel-12(ar131)
animals display the thick tissue characteristic of a defective
vulva–uterine interface and only 13% are Pvl, 88% even-
tually become Egl. Moreover, most of the sel-12(ar131)
animals initially lay some eggs, which suggests that the
connection between the vulval and uterine lumen is not
blocked.
We can rescue the majority of the egg-laying defective
animals that do not display a Pvl phenotype by cell-
autonomous expression of sel-12 in the M lineage, from
which the sex muscles are derived. These animals lack
muscle patterning defects (data not shown) and have
strongly increased brood sizes within the range of wild type.
Efficient behavioural rescue was obtained for all animals
that did not display a  cell specification defect. For
example, the Egl defect was rescued in 82% of the sel-
12(ar131) animals, while in 20% of the animals, the steric
blockage that is the consequence of the  cell specification
defect prevented rescue. Sterical blockage of the vulva is
more penetrant in the presumptive sel-12(0) alleles, as
approximately 80% of the animals display these defects.
However, those sel-12(0) animals that did not show vulval
blockage were also efficiently rescued by sel-12 expression
in the differentiating sex muscles (Table 3). This suggests
that mutations in sel-12 result in defects in both the
vulval–uterine connection and in the sex muscles, and
together they cause the highly penetrant Egl phenotype.
In addition to the defects in  cell specification and sex
muscle function, sel-12 animals are also Pvl. We noticed
that neither the  cell specification defect nor the Pvl
phenotype could be rescued by expressing sel-12 from the
M-lineage-specific hlh-8 promoter. We also show that only
those animals in which the thick tissue separating the
vulva and uterine lumen (characteristic for a  lineage
defect) was observed in mid-L4 later developed a Pvl phe-
notype, whereas animals with a thin utse cell (characteris-
tic for wild type) never became Pvl. The progeny of the 
cells normally gives rise to two cell types, the utse and the
uv1 cells. Both cell types are required for a proper connec-
tion between vulva and uterus, the utse cell also has to
attach to the seam to prevent vulva eversion (Newman et
al., 1996, 2000). The fact that we could rescue the Pvl defect
by expressing sel-12 from the cog-2 promoter, which is
active in  cell precursors (Hanna-Rose and Han, 1999),
suggests that the Pvl phenotype results from a defective
vulva–uterine connection.
Taken together, our data indicate that different levels of
sel-12 activity are required in the  cell lineage and the M
lineage to enable wild type egg-laying. The missense muta-
tion, sel-12(ar131), partially reduces sel-12 activity and
predominantly affects only the M lineage patterning with
only very weakly penetrant defects in the  cell lineage,
whereas the sel-12(0) mutations cause both highly pen-
etrant M lineage and  lineage defects.
Reduced sel-12 Activity Affects Male Tail Structures
Sex muscle function itself can be assessed more directly
in the male tail than in the hermaphrodite egg-laying
system. We show here that sel-12 males also display defects
in sex muscle function. Both mail tail curling in response to
exogenous serotonin and male turning behaviour during
mating depend on functional sex muscles and both are
impaired in sel-12 males. Consistently, the expression of a
sel-12 transgene in the male M lineage is sufficient to
completely rescue these defects. However, the reduced
mating efficiency of sel-12 males can only be rescued
partially by hlh-8::sel-12 expression. We suggest that the
failure to rescue the male mating defect completely is due
to additional defects in tail structures in sel-12 males. The
fan defects in mutant males may also reflect defects in
lin-12 signalling since males carrying lin-12(0) alleles have
been reported to have defective tail structures (Horvitz et
al., 1983). We conclude that sel-12 is required in males for
sex muscle function, but has additional roles in other
tissues of the male tail that may require lin-12 signalling
activity.
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sel-12 Affects LIN-12 Signalling in the Sex Muscles
Late in Their Development
The C. elegans Notch gene, lin-12, is expressed in the M
lineage that generates the vulva muscles (Wilkinson and
Greenwald, 1995). Null mutations in lin-12 prevent the
generation of the SM precursor cells and result in extra
coelomocytes (CC), a cell fate decision that occurs in the
early L2 larval stage (Greenwald et al., 1983; Harfe et al.,
1998a). Neither lin-12 expression has been reported in the
daughter cells of the SM/CC mothers nor have defects in
this lineage after the SM/CC decision that result from the
reduction of Notch activity. However, the vulva muscle
defects we observed in animals carrying the hypomorphic
allele lin-12(n676n930) are strikingly similar to those we
have seen in sel-12 mutants. Interestingly, the temperature-
sensitive period of this lin-12 allele extends from the L2 to
the mid-L4 stage, long after the SM/CC decision was made
(Sundaram and Greenwald, 1993), indicating a late defect in
this allele. A late defect in this allele had already been
suspected before, but no cellular cause could be determined
(Sundaram and Greenwald, 1993). We show here that both
sel-12 and lin-12(n676n930) animals have morphologically
abnormal vulva muscles and that the attachment of the
vulval muscles to the surrounding epidermal tissue does
not occur properly.
When are sel-12 and lin-12 activities required in the
sex muscles and which program is affected by the mutants?
Sex muscle cells are generated in both sel-12 and lin-
12(n676n930), since most L4 larvae have hlh-8::gfp-expressing
SM descendants flanking the developing vulva (Corsi et al.,
2000; Harfe et al., 1998b). Therefore, it is unlikely that the
SM/CC cell fate decision is strongly affected in sel-12
and in lin-12(n676n930) mutants raised at 25°C. Based on
the expression of late sex muscle-specific markers, like
ceh-24::gfp, egl-15::gfp, as well as on the marker for termi-
nally differentiated muscles, myo-3::gfp (GFP under the
control of the myosin promoter), the sex muscle specifica-
tion is also probably not affected. We therefore conclude
that sel-12-mediated lin-12 signalling is required for sex
muscle morphogenesis and attachment rather than for the
execution of sex muscle fate. However, sel-12 has to be
active prior to terminal differentiation in the sex muscles,
since unc-54::sel-12 and myo-3::sel-12 transgenes, which
are only expressed in terminally differentiated muscles,
were not able to rescue the egg-laying defect in sel-12
mutants. This is further corroborated by the fact that the
promoter we used for efficient rescue, hlh-8, is switched off
once the uterine and vulval muscles are differentiated
(Harfe et al., 1998b).
The lin-12 null mutant animals have fully penetrant cell
specification defects in the SM/CC and the AC/VU deci-
sion. sel-12 null mutants have been shown to reduce lin-12
signalling. It has been proposed that hop-1;sel-12 double
null mutants have two ACs, indicative of a defective
AC/VU decision. Maternal contribution of hop-1 is not
sufficient to rescue the AC/VU defect (Berry et al., 1997; Li
and Greenwald, 1997; Westlund et al., 1999). In contrast,
we show here that either maternally contributed hop-1 or
sel-12 is sufficient to generate SMs, indicated by the pres-
ence of the correct numbers of cells that express an
hlh-8::gfp marker gene. However, neither the sex muscle
patterning defects nor the  cell defects, that are both 100%
penetrant in the double mutants, can be rescued maternally.
We therefore suggest that there exist two types of LIN-12
signalling events that require different amounts of sel-12/
hop-1 presenilin and lin-12 activity. One type of LIN-12
signalling allows two initially equipotent cells to acquire
different fates, a well-understood function termed lateral
inhibition (Greenwald, 1998; Greenwald and Rubin, 1992).
This type of LIN-12 signalling requires initially a small
difference in LIN-12 activity in the opposing cells, which is
then magnified and stabilised through feedback loops. For
such feedback mechanisms, the initial total amount of
LIN-12 signalling in both cells involved should be less
important than the fact that a small difference can be
generated. Both the AC/VU and the SM/CC cell fate deci-
sions belong to this category of LIN-12 cell–cell signalling,
explaining why they are rather insensitive to an overall
reduction in lin-12 (and sel-12) activity (Fig. 6). The fact that
there is a higher amount of lin-12 (and sel-12) activity
required for proper  cell induction and sex muscle
morphology/attachment suggests that this mode of LIN-12
signalling, unlike the lateral inhibition required in AC and
VPC, is unidirectional and inductive (Newman et al., 1995).
FIG. 6. Distinct signalling events require different levels of lin-12
activity. Different developmental decisions discussed in the text
are ordered according to their sensitivity towards alterations (re-
ductions) in lin-12 activity. The criterion for the order given is the
penetrance of defects in lin-12, sel-12, and aph-2 (Levitan et al.,
2001) null alleles and in lin-12 and sel-12 hypomorphic alleles. VPC
specification is not included, since it is not affected in sel-12
mutants (Levitan and Greenwald, 1995), but probably requires
similar levels of lin-12 signalling as the AC/VU decision.
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Based on the analysis of the sel-12 Egl defect, we conclude
that sex muscle morphology and attachment are the most
sensitive events that respond to changes in LIN-12 signal-
ling activity.
Many aspects of presenilin and Notch functions are
conserved in evolution, and evidence is accumulating that
presenilins may have a similar role in muscle development
in vertebrates. Both the presenilins and at least three
different Notch receptor genes are expressed in the vascular
smooth muscle cells (VSMC) (Krebs et al., 2000). Further-
more, Notch activity in these cells is most likely also
required postembryonically, since the receptors and some
of their downstream effector genes are constitutively ex-
pressed in adult VSMC (Wang et al., 2002). In addition, PS1
is involved in mesodermal patterning in vertebrates, and
PS1-deficient mice develop multiple hemorrhages (Shen et
al., 1997). Given the striking conservation of the Notch
pathways in nonvertebrates and vertebrates, we suggest
that C. elegans offers an animal model in which we can
study in detail both the genetics and the cellular conse-
quences on myogenesis of mutations in the Notch/
presenilin pathway.
ACKNOWLEDGMENTS
We thank Brian Harfe, Andy Fire, Michael Stern, and Bernard
Lakowski for helpful discussions and comments. We thank Iva
Greenwald and Tim Schedl for strains; Brian Harfe, Andy Fire,
Catherine Branda, and Michael Stern for GFP reporter constructs;
and A. Newman for the cog-2::sel-12 construct. The sel-12(lg1401)
deletion allele was kindly provided by Elegene AG, Martinsried,
Germany. Some nematode strains used in this work were provided
by the Caenorhabditis Genetic Stock Center, which is funded by
the NIH National Center for research Resources (NCRR). R.B. is
supported by grants from the Deutsche Forschungsgemeinschaft,
the European Community, and the VERUM Foundation.
REFERENCES
Baumeister, R., Leimer, U., Zweckbronner, I., Jakubek, C., Grun-
berg, J., and Haass, C. (1997). Human presenilin-1, but not
familial Alzheimer’s disease (FAD) mutants, facilitate Caeno-
rhabditis elegans Notch signalling independently of proteolytic
processing. Genes Funct. 1, 149–159.
Berry, L. W., Westlund, B., and Schedl, T. (1997). Germ-line tumor
formation caused by activation of glp-1, a Caenorhabditis el-
egans member of the Notch family of receptors. Development
124, 925–936.
Brenner, S. (1974). The genetics of Caenorhabditis elegans. Genet-
ics 77, 71–94.
Cinar, H. N., Sweet, K. L., Hosemann, K. E., Earley, K., and
Newman, A. P. (2001). The SEL-12 presenilin mediates induction
of the Caenorhabditis elegans uterine  cell fate. Dev. Biol. 237,
173–182.
Conlon, R. A., Reaume, A. G., and Rossant, J. (1995). Notch1 is
required for the coordinate segmentation of somites. Develop-
ment 121, 1533–1545.
Corsi, A. K., Kostas, S. A., Fire, A., and Krause, M. (2000).
Caenorhabditis elegans twist plays an essential role in non-
striated muscle development. Development 127, 2041–2051.
Doan, A., Thinakaran, G., Borchelt, D. R., Slunt, H. H., Ratovitsky,
T., Podlisny, M., Selkoe, D. J., Seeger, M., Gandy, S. E., Price,
D. L., and Sisodia, S. S. (1996). Protein topology of presenilin 1.
Neuron 17, 1023–1030.
Fire, A., Xu, S., Montgomery, M. K., Kostas, S. A., Driver, S. E., and
Mello, C. C. (1998). Potent and specific genetic interference by
double-stranded RNA in Caenorhabditis elegans. Nature 391,
806–811.
Greenwald, I. (1998). LIN-12/Notch signaling: Lessons from worms
and flies. Genes Dev. 12, 1751–1762.
Greenwald, I., and Rubin, G. M. (1992). Making a difference: The
role of cell–cell interactions in establishing separate identities
for equivalent cells. Cell 68, 271–281.
Greenwald, I. S., Sternberg, P. W., and Horvitz, H. R. (1983). The
lin-12 locus specifies cell fates in Caenorhabditis elegans. Cell
34, 435–444.
Hanna-Rose, W., and Han, M. (1999). COG-2, a sox domain protein
necessary for establishing a functional vulval–uterine connec-
tion in Caenorhabditis elegans. Development 126, 169–179.
Harfe, B. D., Branda, C. S., Krause, M., Stern, M. J., and Fire, A.
(1998a). MyoD and the specification of muscle and non-muscle
fates during postembryonic development of the C. elegans me-
soderm. Development 125, 2479–2488.
Harfe, B. D., and Fire, A. (1998). Muscle and nerve-specific regula-
tion of a novel NK-2 class homeodomain factor in Caenorhab-
ditis elegans. Development 125, 421–429.
Harfe, B. D., Vaz Gomes, A., Kenyon, C., Liu, J., Krause, M., and
Fire, A. (1998b). Analysis of a Caenorhabditis elegans Twist
homolog identifies conserved and divergent aspects of mesoder-
mal patterning. Genes Dev. 12, 2623–2635.
Herreman, A., Hartmann, D., Annaert, W., Saftig, P., Craessaerts,
K., Serneels, L., Umans, L., Schrijvers, V., Checler, F., Vanders-
tichele, H., Baekelandt, V., Dressel, R., Cupers, P., Huylebroeck,
D., Zwijsen, A., Van Leuven, F., and De Strooper, B. (1999).
Presenilin 2 deficiency causes a mild pulmonary phenotype and
no changes in amyloid precursor protein processing but enhances
the embryonic lethal phenotype of presenilin 1 deficiency. Proc.
Natl. Acad. Sci. USA 96, 11872–11877.
Hirsh, D., Oppenheim, D., and Klass, M. (1976). Development of
the reproductive system of Caenorhabditis elegans. Dev. Biol.
49, 200–219.
Hobert, O., Mori, I., Yamashita, Y., Honda, H., Ohshima, Y., Liu,
Y., and Ruvkun, G. (1997). Regulation of interneuron function in
the C. elegans thermoregulatory pathway by the ttx-3 LIM
homeobox gene. Neuron 19, 345–357.
Hodgkin, J. (1980) More sex-determination mutants of Caenorhab-
ditis elegans. Genetics 96, 649–664.
Horvitz, H. R., Sternberg, P. W., Greenwald, I. S., Fixsen, W., and
Ellis, H. M. (1983). Mutations that affect neural cell lineages and
cell fates during the development of the nematode Caenorhab-
ditis elegans. Cold Spring Harbor Symp. Quant. Biol. 48, 453–
463.
Huppert, S. S., Le, A., Schroeter, E. H., Mumm, J. S., Saxena, M. T.,
Milner, L. A., and Kopan, R. (2000). Embryonic lethality in mice
homozygous for a processing-deficient allele of Notch1. Nature
405, 966–970.
Kidd, S., Lieber, T., and Young, M. W. (1998). Ligand-induced
cleavage and regulation of nuclear entry of Notch in Drosophila
melanogaster embryos. Genes Dev. 12, 3728–3740.
190 Eimer, Donhauser, and Baumeister
© 2002 Elsevier Science (USA). All rights reserved.
Kimble, J. (1981). Alterations in cell lineage following laser ablation
of cells in the somatic gonad of Caenorhabditis elegans. Dev.
Biol. 87, 286–300.
Kimble, J., Edgar, L., and Hirsh, D. (1984). Specification of male
development in Caenorhabditis elegans: The fem genes. Dev.
Biol. 105, 234–239.
Kimble, J., and Hirsh, D. (1979). The postembryonic cell lineages of
the hermaphrodite and male gonads in Caenorhabditis elegans.
Dev. Biol. 70, 396–417.
Koizumi, K., Nakajima, M., Yuasa, S., Saga, Y., Sakai, T.,
Kuriyama, T., Shirasawa, T., and Koseki, H. (2001). The role of
presenilin 1 during somite segmentation. Development 128,
1391–1402.
Krebs, L. T., Xue, Y., Norton, C. R., Shutter, J. R., Maguire, M.,
Sundberg, J. P., Gallahan, D., Closson, V., Kitajewski, J., Calla-
han, R., Smith, G. H., Stark, K. L., and Gridley, T. (2000). Notch
signaling is essential for vascular morphogenesis in mice. Genes
Dev. 14, 1343–1352.
Levitan, D., Doyle, T. G., Brousseau, D., Lee, M. K., Thinakaran,
G., Slunt, H. H., Sisodia, S. S., and Greenwald, I. (1996). Assess-
ment of normal and mutant human presenilin function in
Caenorhabditis elegans. Proc. Natl. Acad. Sci. USA 93, 14940–
14944.
Levitan, D., and Greenwald, I. (1995). Facilitation of lin-12-
mediated signalling by sel-12, a Caenorhabditis elegans S182
Alzheimer’s disease gene. Nature 377, 351–354.
Levitan, D., and Greenwald, I. (1998). Effects of SEL-12 presenilin
on LIN-12 localization and function in Caenorhabditis elegans.
Development 125, 3599–3606.
Levitan, D., Yu, G., St George Hyslop, P., and Goutte, C. (2001).
APH-2/nicastrin functions in LIN-12/Notch signaling in the
Caenorhabditis elegans somatic gonad. Dev. Biol. 240, 654–661.
L’Hernault, S. W., and Arduengo, P. M. (1992). Mutation of a
putative sperm membrane protein in Caenorhabditis elegans
prevents sperm differentiation but not its associated meiotic
divisions. J. Cell Biol. 119, 55–68.
Li, C., and Chalfie, M. (1990). Organogenesis in C. elegans: Posi-
tioning of neurons and muscles in the egg-laying system. Neuron
4, 681–695.
Li, X., and Greenwald, I. (1996). Membrane topology of the C.
elegans SEL-12 presenilin. Neuron 17, 1015–1021.
Li, X., and Greenwald, I. (1997). HOP-1, a Caenorhabditis elegans
presenilin, appears to be functionally redundant with SEL-12
presenilin and to facilitate LIN-12 and GLP-1 signaling. Proc.
Natl. Acad. Sci. USA 94, 12204–12209.
Li, X., and Greenwald, I. (1998). Additional evidence for an eight-
transmembrane-domain topology for Caenorhabditis elegans
and human presenilins. Proc. Natl. Acad. Sci. USA 95, 7109–
7114.
Liu, J., and Fire, A. (2000). Overlapping roles of two Hox genes and
the exd ortholog ceh-20 in diversification of the C. elegans
postembryonic mesoderm. Development 127, 5179–5190.
Loer, C. M., and Kenyon, C. J. (1993). Serotonin-deficient mutants
and male mating behavior in the nematode Caenorhabditis
elegans. J. Neurosci. 13, 5407–5417.
Mello, C. C., Kramer, J. M., Stinchcomb, D., and Ambros, V. (1991).
Efficient gene transfer in C. elegans: Extrachromosomal mainte-
nance and integration of transforming sequences. EMBO J. 10,
3959–3970.
Miller, D. M., 3rd, Ortiz, I., Berliner, G. C., and Epstein, H. F.
(1983). Differential localization of two myosins within nematode
thick filaments. Cell 34, 477–490.
Newman, A. P., Inoue, T., Wang, M., and Sternberg, P. W. (2000).
The Caenorhabditis elegans heterochronic gene lin-29 coordi-
nates the vulval–uterine–epidermal connections. Curr. Biol. 10,
1479–1488.
Newman, A. P., White, J. G., and Sternberg, P. W. (1995). The
Caenorhabditis elegans lin-12 gene mediates induction of ven-
tral uterine specialization by the anchor cell. Development 121,
263–271.
Newman, A. P., White, J. G., and Sternberg, P. W. (1996). Morpho-
genesis of the C. elegans hermaphrodite uterus. Development
122, 3617–3626.
Okochi, M., Eimer, S., Bottcher, A., Baumeister, R., Romig, H.,
Walter, J., Capell, A., Steiner, H., and Haass, C. (2000). A loss of
function mutant of the presenilin homologue SEL-12 undergoes
aberrant endoproteolysis in Caenorhabditis elegans and in-
creases a42 generation in human cells. J. Biol. Chem. 275,
40925–40932.
Reiner, D. J., Weinshenker, D., and Thomas, J. H. (1995). Analysis
of dominant mutations affecting muscle excitation in Caeno-
rhabditis elegans. Genetics 141, 961–976.
Schroeter, E. H., Kisslinger, J. A., and Kopan, R. (1998). Notch-1
signalling requires ligand-induced proteolytic release of intracel-
lular domain. Nature 393, 382–386.
Shen, J., Bronson, R. T., Chen, D. F., Xia, W., Selkoe, D. J., and
Tonegawa, S. (1997). Skeletal and CNS defects in Presenilin-1-
deficient mice. Cell 89, 629–639.
Struhl, G., and Adachi, A. (1998). Nuclear access and action of
notch in vivo. Cell 93, 649–660.
Struhl, G., and Adachi, A. (2000). Requirements for presenilin-
dependent cleavage of notch and other transmembrane proteins.
Mol. Cell 6, 625–636.
Struhl, G., Fitzgerald, K., and Greenwald, I. (1993). Intrinsic activ-
ity of the Lin-12 and Notch intracellular domains in vivo. Cell
74, 331–345.
Struhl, G., and Greenwald, I. (1999). Presenilin is required for
activity and nuclear access of Notch in Drosophila. Nature 398,
522–525.
Struhl, G., and Greenwald, I. (2001). Presenilin-mediated trans-
membrane cleavage is required for Notch signal transduction in
Drosophila. Proc. Natl. Acad. Sci. USA 98, 229–234.
Sulston, J. E., and Horvitz, H. R. (1977). Post-embryonic cell
lineages of the nematode, Caenorhabditis elegans. Dev. Biol. 56,
110–156.
Sulston, J. E., and White, J. G. (1980). Regulation and cell autonomy
during postembryonic development of Caenorhabditis elegans.
Dev. Biol. 78, 577–597.
Sundaram, M., and Greenwald, I. (1993). Genetic and phenotypic
studies of hypomorphic lin-12 mutants in Caenorhabditis el-
egans. Genetics 135, 755–763.
Swiatek, P. J., Lindsell, C. E., del Amo, F. F., Weinmaster, G., and
Gridley, T. (1994). Notch1 is essential for postimplantation
development in mice. Genes Dev. 8, 707–719.
Thomas, J. H., Stern, M. J., and Horvitz, H. R. (1990). Cell
interactions coordinate the development of the C. elegans egg-
laying system. Cell 62, 1041–1052.
Trent, C., Tsung, N., and Horvitz, H. R. (1983). Egg-laying defective
mutants of the nematode C. elegans. Genetics 104, 619–647.
Wang, W., Campos, A. H., Prince, C., Mou, M., and Pollman, M. J.
(2002). Coordinate notch3–hairy-related transcription factor
pathway regulation in response to arterial injury: Mediator role
of PDGF and ERK. J. Biol. Chem. 277, 23165–23171.
191The C. elegans Presenilin sel-12
© 2002 Elsevier Science (USA). All rights reserved.
Weinshenker, D., Garriga, G., and Thomas, J. H. (1995). Genetic
and pharmacological analysis of neurotransmitters controlling
egg laying in C. elegans. J. Neurosci. 15, 6975–6985.
Wen, C., Levitan, D., Li, X., and Greenwald, I. (2000). spr-2, a
suppressor of the egg-laying defect caused by loss of sel-12
presenilin in Caenorhabditis elegans, is a member of the SET
protein subfamily. Proc. Natl. Acad. Sci. USA 97, 14524–14529.
Westlund, B., Parry, D., Clover, R., Basson, M., and Johnson, C. D.
(1999). Reverse genetic analysis of Caenorhabditis elegans pre-
senilins reveals redundant but unequal roles for sel-12 and hop-1
in Notch-pathway signaling. Proc. Natl. Acad. Sci. USA 96,
2497–2502.
White, J. G., Southgate, E., Thomson, J. N., and Brenner, S. (1983).
Factors that determine connectivity in the nervous system of
Caenorhabditis elegans. Cold Spring Harbor Symp. Quant. Biol.
48, 633–640.
Wilkinson, H. A., and Greenwald, I. (1995). Spatial and temporal
patterns of lin-12 expression during C. elegans hermaphrodite
development. Genetics 141, 513–526.
Wittenburg, N., Eimer, S., Lakowski, B., Rohrig, S., Rudolph, C.,
and Baumeister, R. (2000). Presenilin is required for proper
morphology and function of neurons in C. elegans. Nature 406,
306–309.
Wong, P. C., Zheng, H., Chen, H., Becher, M. W., Sirinathsinghji, D. J.,
Trumbauer, M. E., Chen, H. Y., Price, D. L., Van der Ploeg, L. H.,
and Sisodia, S. S. (1997). Presenilin 1 is required for Notch1 and DII1
expression in the paraxial mesoderm. Nature 387, 288–292.
Ye, Y., Lukinova, N., and Fortini, M. E. (1999). Neurogenic pheno-
types and altered Notch processing in Drosophila Presenilin
mutants. Nature 398, 525–529.
Yu, G., Nishimura, M., Arawaka, S., Levitan, D., Zhang, L.,
Tandon, A., Song, Y. Q., Rogaeva, E., Chen, F., Kawarai, T.,
Supala, A., Levesque, L., Yu, H., Yang, D. S., Holmes, E., Milman,
P., Liang, Y., Zhang, D. M., Xu, D. H., Sato, C., Rogaev, E., Smith,
M., Janus, C., Zhang, Y., Aebersold, R., Farrer, L. S., Sorbi, S.,
Bruni, A., Fraser, P., and St. George-Hyslop, P. (2000). Nicastrin
modulates presenilin-mediated notch/glp-1 signal transduction
and APP processing. Nature 407, 48–54.
Received for publication March 14, 2002
Revised July 8, 2002
Accepted July 8, 2002
Published online September 24, 2002
192 Eimer, Donhauser, and Baumeister
© 2002 Elsevier Science (USA). All rights reserved.
